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FOREWORD 

This report presents the results of an experimental and theoreti

cal study to determine the influence of strength and density of backfill

ing grouts on the collapse of line-of-sight (LOS) pipes used in under

ground nuclear tests. This research was conducted by personnel of the 

Physical Sciences Branch of the Weapons Effects Laboratory (WEL), 

U. S. Army Engineer Waterways Experiment Station (WES), during the 

period April-November 1972. This work is part of a closure diagnostic 

research program sponsored by the Defense Nuclear Agency under Sub-

task J24CAXYX984, Work Unit 01, "Underground Clo sure Diagnostics." 

This report was written by Messrs. J. L. Drake and C. E. Joachim 

of WES. The work was under the immediate supervision of Mr. L. F. 

Ingram, Chief, Physical Sciences Branch, WEL. Mr. G. L. Arbuthnot and 

Mr. W. J. Flathau were Chiefs of WEL during the preparation and publi

cation of this report. COL Ernest D. Peixotto, CE, was Director of WES, 

and Mr. F. R. Brown was Technical Director. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows: 

Multiply By To Obtain 

feet 0.3048 meters 

inches 2.54 centimeters 

cubic feet 0.0283168 cubic meters 

pounds (force) 4.448222 newtons 

pounds (mass) o.45359237 kilograms 

pounds (mass) per 16.0185 kilograms per cubic meter 
cubic foot 

pounds (force) per 0.6894757 newtons per square 
square inch centimeter 

pounds (force) per foot 14.5939 newtons per meter 

grains 0.0648 grams 

grains per foot 0.21259 grams per meter 

feet per second 0.3048 meters per second 
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SUMMARY 

Important to the successful stemming and containment of under
ground nuclear explosions is the ability of ground shock pressures gen
erated by an explosion to collapse the line-of-sight (LOS) pipe for a 
significant distance from the zero point. Prior to this study, the 
influence of the strength and density of the various grouts used to 
couple the steel LOS pipe to the parent rock on the collapse of the LOS 
pipe was not known except in general qualitative terms. 

Dynamic tests were conducted on a copper tube embedded in grouts 
of various physical properties and explosively loaded by a traveling 
detonation wave. The grouts were chosen to be representative of those 
used at the Nevada Test Site and to provide a significant range of 
strength and density. All tests were conducted underwater to ensure 
explosive coupling and to facilitate measurement of the dynamic pres
sures generated by the explosion. 

A theoretical analysis of a typical test cross section was made 
assuming the tubing and the grouts to behave as rigid plastic materials 
and the traveling load to be stationary. An additional theoretical 
study was made to describe the water shock pressure induced by a travel
ing detonation so that the experimental pressure measurements could be 
related to the pressure acting- on the experimental cros-s- s~ction. 

The calculated and experimentally derived damage assessment values 
for the copper tube were generally within ±20 percent of each other for 
over 20 tests in which 11 different strength and density variations and 
two explosive weights were used. Experimental water pressure measure
ments were within +50 and -25 percent of the theoretical peak pressure 
curve. This agreement was good considering that the scatter in the 
experimental points was approximately +25 percent for tests conducted at 
the same range and explosive charge weight. 

The theoretical formulas for calculating the reduction of the 
cross-sectional area of an embedded pipe as a function of the strength 
and density of the backfilling grouts and the dynamic pressure loading 
were verified by the experiments. Test results showed that backfill 
grouts for successful stemming should be as incompressible as possible 
and should exhibit a low shear strength. 
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INFLUENCE OF BACKFILL PROPERTIES ON THE COLLAPSE 

OF PIPES UNDER DYNAMIC LOADS 

PART I: INTRODUCTION 

Background 

1. Important to the successful stemming and containment of under

ground nuclear explosions is the ability of ground shock pressures gen

erated by an explosion to collapse the line-of-sight (LOS) pipe for a 

significant distance from the zero point. Various grouts with different 

strengths, densities, and deformation properties are used in the annulus 

between the parent rock and the steel LOS pipe to couple the pipe in 

place. 

2. Grouting materials used for stemming have evolved through oper

ational requirements such as pumpability and cost and through various 

philosophies on the physics of stemming and containment phenomena. 

Prior to this study, the influence of the strength and density of the 

grout on the collapse of the LOS pipe was not known except in general 

qualitative terms. 

Objective 

3. The objective of this study was to determine the influence of 

strength and density of backfilling grouts on the collapse of embedded 

pipes subjected to dynamic loading. 

Approach 

4. Dynamic tests were conducted on a copper tube embedded in 

grouts of various physical properties and explosively loaded by a travel

ing detonation wave. The grouts (neat cement, tuff matching, lean, super

lean, super-super-lean, bentonite slurry, buckshot clay, wet and dry 

desert fines, and wet and dry sands) were chosen to be representative of 
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those used in the Nevada Test Site (NTS) operations and to provide a 

significant range of strength and density. All tests were conducted 

underwater to ensure explosive coupling and to facilitate measurement of 

the dynamic pressures generated by the explosion. 

5. A theoretical analysis of the typical explosion test cross 

section was made assuming the pipe and grouts to behave as rigid plastic 

materials and the traveling load to be stationary. An additional theo

retical study was made to describe the water shock pressure induced by 

a traveling detonation so that the experimental pressure measurements 

could be related to the pressure acting on the experimental cross 

section. 
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PART II: THEORY 

Calculation of Pipe Damage 

6. The test section under consideration consisted of a polyvinyl 

chloride (PVC) pipe filled with a grout material with an embedded copper 

tube (fig. 1). The PVC outer pipe was merely a form to hold the grout 

and tube and served to hold the primacord in place. A time-varying 

pressure was applied to the outside of the PVC pipe. It was assumed 

that the materials in the test section would behave as perfectly plastic 

and incompressible materials. With these assumptions, the effects of 

material compaction and stress wave interaction with the test section 

could be neglected, thus greatly simplifying the analysis. 

7. 

COPPER TUBE 

P1· k1 

PRESSURE LOADING 

Po= Poe-ill 

Fig. 1. Cross section of test specimen and definitions 
of symbols used in the theoretical analysis 

The equation of motion in polar coordinates is 

ocri i i o2ui CJ - a r r e r (i 1,2,3) dr + = 0. 
ot2 = r l 

3 
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where cr! and a! 
mass density, and 

are the radial and tangential stresses, 
i 

o. is the 
l 

u is the radial displacement. 
r 

The subscript or 

superscript i refers to the component material (i = 1 , the embedded 

pipe; i = 2 the grout; and i = 3 , the PVC pipe). 

8. The conservation of mass for an incompressible material re

quires that 

(i = 1,2,3) (2) 

The general solution to equation 2 is 

(i = 1,2,3) (3) 

where lf (t) is a function of time to be determined from the boundary 

conditions. 

9. Solutions to the equilibrium equation 1 require knowledge of 

the relationship between the radial and tangential stresses, which is 

given by the plastic yield conditions. For the embedded metal pipe 

and the PVC pipe, the yield conditions are assumed to be 

4k~ 
J.. 

(i = 1,3) (4a) 

where k. is the yield strength in simple shear. The grout is assumed 
l 

to behave as Mohr-Coulomb material1 as 

where 

i ere = (i = 2) 

where k2 is cohesion and ~ is the angle of internal friction. 

10. Substituting equations 3 and 4 into the equation of motion 

provides the solutions 

4 

(4b) 



(i = 1,3) 

i p.Ui(t) 
- 2k .~N + i + Ci( r)N-1 crr - i ~~ 1 - N ( i = 2) 

where Ci is an arbitrary constant to be determined by the boundary 

conditions. 

11. The boundary conditions are 

1 
0 at cr = r = r. 

r l 

1 

:~ l 
cr = r 

at r = r 
1 p 

u = r 

2 

cr; l cr = r 
at r = r 

2 u3 
g 

u = r r 

a3 = p(t) at r = r 
r o 

(5a) 

(5b) 

(6) 

where p(t) is the applied pressure-time his"tol:y: ana._ :r:. ,_ :r: ,_ :r: ,_ 
l p g 

and r are depicted in fig. 1. 
0 

12. Inserting the boundary conditions (equation 6) into the 

stress solutions (equation 5) and the displacement solutions (equation 3) 

yields the acceleration as 

u (t) = l:_ [p(t) - Y] 
r rD p(t)? y 

(7a) 

= 0 p(t) < y 

where 

y = 2k3ln( :: ) + 2kl (::f 1in( :: ) + ~k=~ [ 1 _ (::f 1 J (7b) 
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and 

(7c) 

13. If p(t) is known, the acceleration can be double-integrated 

to determine the displacement. The experimental results of this study 

·show that p( t) can be described by 

p( t) = p e -st t > 0 
0 

where P
0 

is the peak applied pressure and ~ is a characteristic 

decay parameter of the explosive source. 

(8) 

14. For the exponential pressure-time function, noting that for 

p(t) > Y , the integration must be between 

integration gives the maximum displacement as 

(ur)max 
~~{i.fo) - 1 + ..!.. [i -~ in2\;)J} if p >Y 

r~2D y 
p 0 

0 (9) 

0 if po <Y 

Water Shock Calculations 

15. The experiments were conducted in a deepwater basin to pro

vide stemming for the primacord explosive. Water shock pressures were 

measured at various distances from the primacord in an attempt to deter

mine the apparent velocity of the detonation along the test section and 

the pressure acting on the PVC pipe. 

16. The excess pressure p(r,t) is satisfied by the wave equa

tion in cylindrical coordinates2 

(10) 
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where c is the velocity of sound in water (approximately 4.9 ~/msec*). 
For steady detonation of the explosive along the axis of the cylinder, 

progressing with the velocity v , it is convenient to introduce the re

duced time variable 

T = t z 
v 

where, if v > c , equation 10 reduces to 

where 

1 1 1 
"'2=2-2 
u. c v 

17. Introducing the Fourier transform pairs3 

p(w) "f +mp(T)e-io:n: dT 

-CXI 

( ) 1 f+o:1p~ (m) e+icm dill 
p T = 21t 

-CXI 

equation 12 is transformed into 

which has the general solution 

(11) 

(12) 

(13) 

(14) 

where J (mr/a) and Y (mr/a) are zero-order Bessel functions of the 
0 0 

first and second kinds. The constants A and B are determined by the 

boundary conditions. 

* A table of factors for converting British units of measurement to 
metric units is presented on page vii. 
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18. For a line source, p(O,rn) = p (w) when r = 0 • 
0 

Since the 

pressure is finite at r = 0 , it is required that B = 0 because 

Y (mr/a) has a logarithmic singularity at r = 0 • With A = p (w) , 
0 0 

the inverse Fourier transform can be used to obtain the solution 

-ko 

p(r,-r) = i1f J p0 (rn)J0(~)eiwr drn (15) 
.... -oo 

19. In order to integrate equation 15, it is necessary to specify 

the pressure-time function acting at r = 0 . The exponential pressure 

history described by equation 8 gives 

00 

:Po(w) =Po J e-(S+irn)T dT = (S + irn)-1 

0 

Substituting equation 16 into equation 15 and integrating4 gives 

if T > r/a 

= 0 if T < r/a 

(16) 

(17) 

wher_e -I (_re/a:) is _a --D10d;if'i ed Bessel :function o;f the first kind of zero 
0 

order. The only term that depends upon time has the parameter (-r - r/a), 

which is in the form of a traveling wave. The first term gives the geo

metrical dependence of the amplitude with distance. It is interesting 

to note that the input time history is reproduced with only a reduction 

of the amplitude due to geometrical attenuation. 

20. For small distances when rS/a << 1 , the peak amplitude is 

nearly constant. When Sr/a >> 1 the pressure is nearly 

( ) (
21fSr)-l/2 P. -(-r-r/a) 

p r,T ~ -a-
0

e for T > r/a (18) 

with the peak pressure decaying with the inverse square root of.the ra

dial distance. (See reference 5 for discussion on properties of I
0

(x).) 
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PART III: EXPERJMENTS 

Test Procedure 

2l. A series of explosive tests was conducted on metal pipe-grout 

specimens to experimentally determine the influence of the grout strength 

and density on the damage to the embedded pipes. Test specimens con

sisted of a nominal 1-in.-diam copper pipe grouted concentrically within 

a 4-in.-diam, 10-ft-long PVC pipe. The specimen was explosively loaded 

by the detonation of five strands of primacord helically wrapped around 

the PVC pipe. Fig. 2. shows a typical test specimen. Prior to testing, 

the copper tube was evacuated to preclude the possibility of air shocks 

generated within the tube interfering with the collapse. 

PRIMA CORD 

~~-1"0/AM COPPER 

'-'="""'""'~ TUBING 

GROUT 

Fig. 2. Test specimen 

22. As many as five grout types were tested in a single experi

ment so that the relative damage caused by identical pressure loadings 

of the different grouts could be assessed. The grouts were placed in 

approximately 2-ft lengths separated by 1/4-in. plywood spacers. The 

ends of the specimens were sealed with paraffin to keep water from en

tering when tested underwater. 

23. The angle of the helically wrapped primacord strands was 

chosen to give an apparent velocity of detonation along the tube of 

8000 fps, which is the speed of sound in a typical NTS tuff. The weight 

of the primacord strands was varied from 25 to 400 grains per foot of 
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explosive in order to va:ry the peak pressure and decay time of' the pres

sure loading on the specimen. 

24. All tests were conducted at the U. S. Army Engineer Waterways 

Experiment Station's (WES) Big Black Test Site (BBTS) in a deepwater 

basin approximately 10 f't below the water surf'ace. Water was chosen 

because it provides a simple tamping medium and because water pressure 

measurements are relatively simple to determine and accurate. 

25. Typically, 10 water shock measurements in free water along 

the axis and at radial distances from the specimen were monitored for 

each test. Tourmaline water shock gage signals were recorded on an 

80-kHz magnetic-tape machine. The pressure-time data were extrapolated 

with the aid of the theoretical calculations presented in Pa:rt II to 

estimate the pressure loading on the outside of the PVC pipe. 

Grout Properties 

26. The grouts chosen for 

at the NTS (tuff matching, lean, 

and wet and dry desert fines). 

this study were those typically used 

super-lean, and super-super-lean grouts, 

Additional ~ackfilling materials (neat 

cement, compacted buckshot clay, bentonite slurry, and wet and dry 

sands) were included to provide a broad range of material strengths and 

densities. Grout mixes yielding 1-cu-f't batches are given in the fol

lowing tabulation. 

Amount of Material Needed to Yield 1-Cu-Ft Batch 
of Indicated Grout 2 lb 

Super-
Grout Bentonite Super- Super- Tuff Neat 

In~redients Slurr;z Lean Lean Lean Mat chi~ Cement 

Water 58.65 28.12 24.10 39.4 33.9 37 .72 

Portland 1.76 3_.48 20.0 25.7 75.5 
cement (type G) 

Chem-Stress 2.5 

Gel 8.78 3.27 2.48 4.6 3.4 1.51 

.Al powder (4.2 (1.6 
grams) 

(Continued) 
grams) 
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.Amount of Material Needed to Yield l-Cu-Ft Batch 
of Indicated Grout, lb 

Grout 
Ingredients 

Sand 

Barite 

Wetting agent 

Pozzolan 

Air en-
trainment 

Bentonite 
Slurry 

Super
Super
Lean 

Super
Lean 

74.80* 79.55 

0.037 

* Desert fines were used instead of sand. 

Tuff Neat 
Lean Mat chins; Cement 

24.l 

37.6 

0.055 

36.2 

0.09 

27. Triaxial tests were conducted on the neat cement, tuff match

ing, lean, and super-lean grouts after approximately lO- and 30-day cure 

times (corresponding to their ages at the time of the explosion tests). 

The strengths of the compacted buckshot clay, super-super-lean grout, 

and the bentonite slurry were estimated for the purposes of calculation 

of the pipe damage. The tabulation below gives the pertinent strength 

parameters of the grouts used in the tests. No strength data were 

available for the wet and dry sands or for the wet and dry desert fines. 

lO-Day Strength 30-Day Strength 

Bulk Parameters Parameters 

Density k2 ff k2 f 
Grout ::ecf _.EE.L deBrees ~ deBrees 

Neat cement l50 3l60 0 l850 4.75 

Tuff matching ll6 550 0 500 6.5 

Lean llO l50 l.O 280 l.5 

Super-lean llO l20 0 l70 0 

Super-super-lean llO* 50* 0 

Bentonite 67 O* O* 0 0 

Buckshot clay 
6 

98 l6 0 

* Estimated. 
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Damage Measurements 

28. The specimens were recovered after each test and the damage 

assessed. In tests in which primacord weights in excess of 100 grains/ft 

were used, the copper tube was collapsed to a solid rod, and the PVC 

pipe and the grouts were completely blown away. In tests in which prima

cord weights of 25 and 50 grains/ft were used, the PVC pipe and grouts 

were recovered intact. 

29. The recovered specimens were sawn across with a bandsaw so 

that the damaged cross section could be observed. Closeup photographs 

of the damaged copper tube for each grout section were planimetered to 

determine the cross-sectional area. A photograph of typical collapsed 

sections is shown in fig. 3. 

Fig. 3. Typical collapsed sections (top row, left to right: 
neat cement and bentonite; bottom row, left to right: super

lean, rock matching, and lean) 

30. The damage to the embedded tube was defined as the percent 
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reduction of cross-sectional area as compared with the reduction of a 

completely compacted rod expressed as 

Damage = ....------'-( o_r_i~i_n..;.;al_ar.;.;.._e_a_-_..;.;d_am_......._e_d_ar_ea_._) ----~ X 100 (l9 ) 
original area - area of completely compacted tube 

The damage for each of the grout types for the 25- and 50-grain/~ ex

plosive wraps is presented in the tabulation below. 

Damage (percent) Caused by 
Indicated Primacord Weights 
on 10- and 30-Day-Old Grouts 

25 Grains/Ft 50 Grains/Ft 
Grout Type 10 Day 30 Day 10 Day 30 Day 

Neat cement 

Tuff matching 

Lean 

Super-lean 

0 

30 

41 

55 
Super-super-lean >50* 

Wet sand 20 

Dry sand 0 

Wet desert fines 39 

Dry desert fines 8 

Compacted buck- 48* 
shot clay 

Bentonite slurry 81 

5 
18 

24 

52 

73 

71 

79 
91 

93 

* Extrapolated data from lower explosive yield 
tests. 

13 

61 
64 

85 

97 

31. The grouts tested did not appear to have compacted signifi

cantly under the extreme pressure of the explosion. No cracks were ob

served in the grouts even though the copper tube suffered extreme com

paction in some cases. 

Water Pressure Measurements 

32. Water shock measurements were made for each of the tests to 

determine the explosion-generated pressure acting on the specimens. The 

peak pressure, arrival time, and the time to decay to 37 percent of the 
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" 0 

o..E 

I . 1 msec 

Fig. 4. Typical water pressure 
versus time curve 

peak values were determined from 

each pressure gage. A typical 

water pressure versus time curve 

is shown in fig. 4. 
33. The water shock arrival 

time data indicated that the speed 

of the detonation wave along the 

specimen v was ll,000 fps. The 

average decay time l/S of the 

exponential pressure histories is 

plotted against the explosive 

weight in fig. 5. The average de

ca;y time varies approximately as 

the square root of the explosive weight per unit length. 

34. Peak pressures are plotted versus scaled radial distance 

rs/a in fig. 6. The value of a was calculated, using equation 12, 

as 6100 fps, and l/S was determined from fig. 5. 

u 
w 
Vl 

0: 
w 
1-w 10-4 
:E 
<( 
0: 
<( 
a. 
>
<( 
u 
w 
0 

............-

... 
__....... ....... 

~ 

11{3 = 1,45 x 10-4 w112 ....... I/ 
........ 

. ' ~ 
'"" ... 

........--; .... 
• ........ • 

• I/ ....... 

- i.. 
,_ . 

-

EXPLOSIVE CHARGE WEIGHT, LB/FT 

Fig. 5. Dependence of pressure loading decay parameter l/S 
on the explosive charge weight 
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Fig. 6. Theoretical and experimental peak water shock pressure 
versus reduced distance 

Comparison of Experimental Results with Theory 

"~" 

35. In Part II, the theory was developed to predict water shock 

pressures from a traveling line source explosion. Equation 17 predicts 

the peak amplitude of the water pressure to decay as 

(20) 

P is the maximum pressure of the line source, a is the water shock 
0 

speed in the radial direction, and l/~ is the decay time of the pres-

sure loading. Equation 20 with P = 33,000 psi is plotted in fig. 6 
0 

with the experimentally determined peak pressures. 

36. All of the experimental data fit the theoretical curve within 

the range of +50 and -25 percent. This agreement is very good, with the 
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data from tests conducted at the same range and explosive charge weight 

scattered approximately _:!:25 percent about the mean value • Data from 

14 tests and 74 peak pressure points were plotted representing nine 

different explosive yields. 

37. Equation 9 expresses the.maximum displacement of a point 

within the specimen cross section as a function of the strength and 

density parameters of th~ tested materials and of the dynamic pressures 

acting on the outside of the PVC pipe. This formula, along with the 

damage definition expressed by equation 19, was used to calculate the 

damage to each of the grout sections tested. The peak pressure and de

ca:y parameter S were determined from figs. 5 and 6 in which the pres

sure was extrapolated to the edge of the PVC pipe by use of equation 20. 

The strength and density parameters used in the calculation are given 

in the tabulation in paragraph 27. 

38. The theoretical damage cal~ulations are presented in the 

tabulation below for the explosive weights of 25 and 50 grains/ft. 

Calculated Damage (percent) Caused 
by Indicated Primacord Weights 

on 10- and 30-Day-Old Grouts 
25 Grains/Ft** 50 Grains/Ftt 

Grout Type* 10 Day 30 Day 10 Day 30 Day 

Neat cement 3 5 

Tuff matching 39 1:8 71 
Lean 49 43 85 

Super-lean 55 53 91 

Super-super-lean 57 

Buckshot cla:y 63 

Bentonite slurry 77 77 100 

Note: 2~ = 50,000 psi, r1 = 555 pcf. 

2k
3 

= 12,000 psi, r
3 

= 86 pcf. 

* Properties given in tabulation in 
paragraph 27. 

** P = 2l,OOO psi, 
0 

t P = 22,800 psi, 
0 

8 -1 S = 1 ,200 sec 

4 -1 S = 1 ,500 sec 

16 

3-6 

76 

89 

100 



The computed damage is plotted versus the measured damage in fig. 7. 

The agreement between the calculated and experimental values is quite 

good (within ~20 percent). The largest deviations were found for the 

tuff-matching grout that had cured for 30 days and had been explosively 

loaded using the 50-grain/ft primacord wrap. For this grout, the cal

culated value was approximately 40 percent low. 

"' 
ui 
C) 
<( 

:lE 
<( 

D 
D 
llJ 
I-
:::J 
a. 
:lE 
0 
u 

60 

40 

MEASURED DAMAGE, % 

Fig. 7. Computed versus measured damage to 
embedded copper tubes 

39. No damage calcu_lations were made for the wet and dry sands or 

the wet and dry desert fines because triaxial test data were not avail

able. If an angle of internal friction greater than about 22 degrees 

were assumed for dry sand, there would be no damage. In general, ¢ for 

sand would be expected to be on the order of 35 degrees. 

40. Friction angles required to make the calculations agree with 

the experimental data for the sands and desert fines were determined and 

are presented in the following tabulation for the different materials. 
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Required Angle of Internal 
Material Friction, deg 

Wet sand 9 
Dry sand >22 

Wet desert fines 4 
Dry desert fines 13 

These values were determined assuming a bulk density of 120 pcf. 
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PART IV : CONCLUSIONS 

41. The theoretical formulas for calculating damage to pipes em

bedded in grouts as a function of the strength and density of the back

filling materials and the dynamic pressure loading were verified by ex

perimental test results. The damage calculations were generally within 

::!:_20 percent of the experimental results for a broad range of strength 

and density variations used in the tests. 

42. The reduction in the cross-sectional area of the pipe em

bedded in grouts with angles of internal friction was much less than 

that for the pipe embedded in grouts with no friction. In fact, the 

test section embedded in dry sand with an estimated angle of internal 

friction of 30 degrees or greater suffered damage less than or equal to 

that of the test section embedded in a neat cement grout. 

43. Experimental water shock measurements were within +50 and 

-25 percent of the theoretical peak pressures and were considered to be 

in good agreement with the theoretical values. Inclusion of the finite 

radius of the ex~losive source would probably improve the pressure cal

culations somewhat, especially for the ranges close to the explosive. 

44. The formulas derived for determining collapse of an embedded 

pipe under dynamic loading are considered verified by experiment and 

should give reasonable estimates of the damage that will be incurred by 

an actual LOS pipe under the ground shock pressures generated by nuclear 

explosions. If the stress field induced by an explosion in the rock can 

be determined, the theory presented in Part II should define the dis

tance from the zero point at which successful stenuning takes place. 

45. Backfilling grouts for successful stemming and containment 

should be as incompressible as possible to avoid compaction of the 

grout and should exhibit low shear strengths. 
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